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CalreticulinHTLV-1 is more pathogenic than HTLV-2 despite having a similar genome and closely related transactivating
oncoproteins. Both Tax-1 protein from HTLV-1 and Tax-2 from HTLV-2 activate the NF-κB pathway. The
mechanisms involved in Tax-1 deregulation of this signalling pathway have been thoroughly investigated,
but little is known about regulation by Tax-2. We have compared the interaction of Tax-1 and Tax-2 with
two key NF-κB signalling factors: TAK1-binding protein 2 (TAB2), an adaptor involved in the activation of
TAK1 kinase, and RelA, the active subunit of the canonical RelA/p50 NF-κB transcription factor. Tax-2 formed
stable complexes with both RelA and TAB2. These two NF-κB factors colocalized with Tax proteins in dotted
cytoplasmic structures targeted by calreticulin, a multi-process calcium-buffering chaperone. Co-expression
of RelA and/or TAB2 markedly increased Tax-mediated NF-κB activation. These ﬁndings provide new
insights into the role of RelA, TAB2 and Tax in the deregulation of the NF-κB pathway.tics, Strada Le Grazie 8, 37134,
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Human T-lymphotropic viruses type 1 (HTLV-1) and type 2 (HTLV-2)
are closely related human retroviruses. HTLV-1, the etiologic agent of
adult T-cell leukaemia/lymphoma (ATLL) and HTLV-1 associated mye-
lopathy/tropical spastic paraparesis (HAM/TSP) (Matsuoka and
Jeang, 2007), is tropic for CD4+ T-cells. HTLV-2 preferentially infects
CD8+ T-cells (Feuer and Green, 2005), but has no known pathologic role,
other than an association with rare cases of subacute myelopathy
resembling HAM/TSP (Araujo and Hall, 2004).
HTLV-1 and HTLV-2B Tax proteins (Tax-1 and Tax-2B) share an
amino acid similarity of 85%. The Tax proteins play a pivotal role in
the induction of T-cell transformation (Grassmann et al., 1992;Robek and Ratner, 1999), but their phenotypes are different. Tax-1
has a higher transforming activity than Tax-2 (Endo et al., 2002;
Feuer and Green, 2005), induces micronuclei formation (Semmes et
al., 1996), arrests the cell cycle of human CD34+ cells (Tripp et al.,
2005), and regulates viral transcription by interacting with different
members of the activating transcription factors/cAMP responsive
elements binding protein family (Lemasson et al., 2002). Tax-1
activates transcription of numerous cellular genes involved in immune
regulation and cell proliferation via interaction with serum response
factors (SRF), AP-1 and nuclear factor κB (NF-κB) pathways (Hall and
Fujii, 2005; Kashanchi and Brady, 2005; Lewis et al., 2002). Tax-1
intracellular localization and transcriptional activity is strictly con-
trolled by post-translational modiﬁcations (Lamsoul et al., 2005). We
have recently demonstrated (Turci et al., 2009) that Tax-2B ismodiﬁed
by ubiquitination and sumoylation and distributed in punctuate
nuclear structures that include theRelA subunit ofNF-κB, as previously
reported for Tax-1 (Lamsoul et al., 2005).
Both Tax-1 and Tax-2B activate gene expression via the NF-κB
pathway to similar levels (Huang et al, 2009; Turci et al., 2009). The
activation of NF-κB pathway is essential for Tax-mediated transfor-
mation of human T-cell lines by HTLV-1 and by HTLV-2 (Sun and
Yamaoka, 2005). The so-called canonical and non-canonical NF-κB
signalling pathways that mediate transcriptional activation are
40 F. Avesani et al. / Virology 408 (2010) 39–48deregulated by Tax-1 interaction with several factors. These include
the RelA subunit of NF-κB and the IκB kinase complex (e.g. IKKα,
IKKβ and NEMO/IKKγ) of the canonical signalling cascade (for a
review, see Boxus et al., 2008), and p100, a precursor of the non-
canonical pathway (Higuchi et al., 2007). Tax-1-mediated activation
of gene expression via the NF-κB pathway has been extensively
studied. Tax-1 interacts with the Rel homology domain of the RelA
subunit of NF-κB (Suzuki et al., 1994) and colocalizes with NF-κB
subunits p50 and RelA, the splicing factors Sm and SC-35 and the
large subunit of RNA polymerase II within nuclear bodies (Bex et al.,
1997; Lamsoul et al., 2005). Tax-1 also induces persistent over-
expression of TAB2 (TGFβ activating kinase 1-binding protein 2), a
scaffold protein involved in the signal transduction between TGFβ
activating kinase 1 (TAK1) and other kinases including mitogen
activated protein kinase (MAPK), Jun N-terminal kinase (JNK) and
IκB kinase complex (IKK) (Kanayama et al., 2004, Suzuki et al.,
2007). The association of TAB2 with Tax-1 was reported to be
critical for Tax-1-mediated activation of TAK1 kinase (Yu et al.,
2008; Wu and Sun, 2007). However, whether this association
favours Tax-mediated NF-κB activation is still controversial (Suzuki
et al., 2007, 2010).
Little is known about how Tax-2B interacts with cellular factors of
the NF-κB pathway. However, it is known that Tax-2 interacts with
NEMO/IKKγ and with NEMO-related protein/optineurin (Huang et
al., 2009; Journo et al., 2009; Meertens et al., 2004a,b) but does not
recognize p100 (Higuchi et al., 2007).
Our goal in this study was to investigate the ability of Tax-1 and
Tax-2B to interact with the RelA and TAB2 components of the NF-κB
canonical pathway, as well as identifying their intracellular localiza-
tion in Tax-expressing cells. Our focus was to identify the punctate
cytoplasmic structures containing Tax complexes in association with
TAB2 and RelA and assess the potential role of these complexes on NF-
κB activation.Tax-1
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Tax-1 and Tax-2B form complexes with RelA and TAB2 in living cells
To determine whether Tax-2B, like Tax-1, formed stable com-
plexes with RelA and TAB2, we ﬁrst compared the ability of both to
assemble complexes with RelA. Lysates of 293T cells co-expressing
RelA with either Tax-1 or V5 tagged Tax-2B (Tax-2B-V5) were co-
immunoprecipitated with an anti-RelA antibody. The immunopreci-
pitated complexes were western blotted with anti-Tax-1 or anti-V5
antibodies. Tax-1 and Tax-2B-V5 were detected in the complexes
immunoprecipitated (IP) by the anti-RelA antibody in cells expressing
Tax in the absence (Fig. 1A, IP panels, lanes 3 and 7) or presence
(Fig. 1A, IP panels, lanes 4 and 8) of overexpressed RelA. As expected,
co-immunoprecipitation of Tax-1 or Tax-2B was more obvious in cells
overexpressing RelA than in cells only expressing endogenous RelA.
Neither lysates of untransfected cells (Fig. 1A, IP panels, lanes 1 and 5)
nor cells expressing RelA alone (Fig. 1A, IP panels, lanes 2 and 6) gave
detectable binding. The presence of RelA, as well as the Tax proteins,
in whole cell lysates was detected bywestern blotting using anti-RelA,
anti-Tax-1 or anti-V5 antibodies (Fig. 1A, input, middle and lower
panels). Both Tax-1 and Tax-2B formed stable complexes within the
cell with the RelA subunit of NF-κB.
We next analyzed the ability of Tax-1 and Tax-2B to form
complexes with TAB2 by co-immunoprecipitation experiments. Either
Tax-1 or Tax-2B could be detected within the complexes immuno-
precipitated by an anti-Flag antibody in 293T cells co-expressing
TAB2-Flag and Tax-1 or Tax-2B-V5 (Fig. 1B, IP panels, lanes 2 and 6,
respectively). Neither lysates of untransfected cells (Fig. 1B, IP panels,
lanes 1 and 5) nor lysates of cells expressing Tax-1, Tax-2B-V5 or
TAB2-Flag alone (Fig. 1B, IP panels, lanes 3, 4 and 7, 8) gave detectable
signal. The presence of TAB2-Flag and Tax proteins in the whole cell
lysates was detected bywestern blotting using anti-Flag, anti-Tax-1 orIP: α RelA
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Cell extracts were immunoprecipitated (IP) with an anti-Flag antibody and the
cell extracts (Input) were also analyzed to determine the presence of the Tax and TAB2
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2B formed complexes with two major components of the canonical
NF-κB cascade, RelA and TAB2.
The Tax proteins colocalize with the RelA subunit of NF-κB in
TAB2-containing cytoplasmic dotted structures
The intracellular localization of Tax proteins, TAB2 and endoge-
nous RelA in Hep2 cells transfected with vectors expressing HA-
tagged Tax-1 (Tax-1H) or Tax-2B (Tax-2H) in the presence or absence
of a vector expressing TAB2-Flag was analyzed by immunoﬂuores-
cence staining and confocal microscopy. Visualization was by triple
immunoﬂuorescence staining with antibodies to the HA and Flag
epitopes for the detection of exogenously expressed Tax and TAB2
proteins, respectively, and an antibody to the RelA subunit of NF-κB
(Fig. 2A). In control cells, endogenous RelA was only detected in the
cytoplasm. In cells overexpressing Tax-1 or Tax-2B, RelA colocalized
with Tax in nuclear bodies as previously reported (Bex et al., 1997;
Lamsoul et al., 2005; Turci et al., 2009). In addition, Tax-1 and Tax-2B
were distributed in cytoplasmic dotted structures, in about 50% of the
cells and these structures included RelA. In cells that did not express
the Tax proteins, overexpressed TAB2-Flag was present in punctate
structures that were distributed all over the cytoplasm without
altering the diffuse cytoplasmic distribution of RelA. Tax and TAB2
distribution was maintained when Tax proteins were co-expressed
with TAB2. Moreover TAB2 was present in the punctate cytoplasmic
structures containing Tax and RelA. Co-expression of either Tax-1 or
Tax-2B with TAB2 led to the colocalization of Tax with both TAB2 and
RelA in the cytoplasmic dotted structures. The cytoplasmic punctuate
distribution of TAB2 and the colocalization of Tax-1 with RelA and
TAB2 in these cytoplasmic dotted structures was observed in other
cell lines including CHO-K1, COS-1 and HeLa cells (Fig. 1, Supple-
mental materials).
Post-translational modiﬁcations of Tax-1, including ubiquitination,
are critical for Tax-1 activation of the NF-κB pathway. Therefore, we
investigated whether NF-κB defective Tax-1mutants, M22 and K4-8R,
which are deﬁcient for this modiﬁcation (Chiari et al., 2004; Lamsoul
et al, 2005; Nasr et al., 2006), could colocalize with TAB2 and RelA in
the cytoplasmic dotted structures (Fig. 2B). When Hep2 cells co-
expressing the M22 or K4-8R Tax-1 mutants and TAB2-Flag were
analyzed by triple immunoﬂuorescence staining with anti-Tax, anti-
Flag and anti-RelA antibodies, Tax-1 mutants colocalized with TAB2 in
cytoplasmic dotted structures, as observed for wild-type Tax-1.
However, the cytoplasmic structures in which mutants M22 or K4-
8R colocalized with TAB2 did not include RelA. These Tax mutants
were also unable to induce the translocation of RelA to the nucleus
and the formation of nuclear bodies, as previously demonstrated
(Lamsoul et al., 2005).
Wild-type Tax-1 but not mutants M22 or K4-8R also associated
with immunocomplexes that included RelA and TAB2 in Hep2 cells
(Fig. 2, Supplemental materials).
Tax, TAB2 and RelA-containing cytoplasmic punctate structures include
calreticulin
To characterize the cytoplasmic structures in which Tax/TAB2/
RelA complexes were present, we ﬁrst analyzed the localization of the
Tax proteins with both GM130, a marker of the Golgi apparatus, and
calreticulin, a marker of the endoplasmic reticulum, in Hep2 cells
expressing Tax-1 or Tax-2B (Fig. 3A). The cytoplasmic punctate
structures containing Tax-1 or Tax-2B colocalized with calreticulin,
but not with GM130, as indicated by the diagrams of ﬂuorescence
intensity along a line drawn across the cell (Fig.3A). Triple
immunoﬂuorescence staining of Hep2 cells co-expressing Tax-1 or
Tax-2B and TAB2 indicated that the punctate cytoplasmic structures
containing Tax proteins and calreticulin also included TAB2 (Fig. 3B).By contrast, there was no detection of calreticulin in TAB2-containing
cytoplasmic structures in cells that did not express Tax proteins. These
data also indicated that the intensity of the calreticulin ﬂuorescence,
which was barely detected in either control cells or in cells that only
expressed TAB2, was strongly increased in cells expressing Tax
proteins and, more speciﬁcally, in Tax containing cytoplasmic
punctate structures. These results clearly suggest that, in the
cytoplasm, Tax proteins are directed to pre-existing TAB2-containing
structures resulting in the concentration of RelA and calreticulin in
these structures.
The cytoplasmic dotted structures containing the Tax proteins, TAB2 and
RelA also include IKKγ
Both Tax-1 and Tax-2B proteins interact with IKKγ, the regulatory
subunit of the IKK complex (Huang et al., 2009; Meertens et al.,
2004a). Since IKKγ is an important partner of Tax for the activation of
the IκB kinases, we analyzed the intracellular localization of IKKγ, the
Tax proteins and calreticulin. Hep2 cells expressing Tax-1H or Tax-2H
in combination with Flag-IKKγ were analyzed by triple immunoﬂu-
orescence staining with anti-HA for the detection of the Tax proteins,
anti-Flag for the detection of IKKγ and anti-calreticulin antibodies
(Fig. 4). The analysis of the intensity of the ﬂuorescence staining along
a line drawn across the nucleus and the cytoplasm indicated that,
when overexpressed in the absence of the Tax proteins, IKKγwas only
detected in the nucleus and displayed prominent nuclear foci in all the
cells expressing IKKγ (200 cells displaying IKKγ-containing nuclear
foci out of 200 counted IKKγ expressing cells). It is interesting to note
that the IKKγ-containing punctate nuclear structures included
calreticulin. Co-expression of either Tax-1H or Tax-2H with IKKγ led
to the colocalization of these proteins with IKKγ in the prominent
IKKγ nuclear foci. In addition, the IKKγ staining was also found in the
Tax-1 or Tax-2B cytoplasmic dotted structures in the majority of the
cells and these structures included calreticulin as demonstrated
above. Interestingly, in the Tax and IKKγ-containing nuclear foci, the
calreticulin immunoﬂuorescence staining was only detected in 50% of
cells (not shown), and the other half of the Tax-1 or Tax-2B and IKKγ
expressing cells had highly reduced or undetectable calreticulin
staining in the Tax/IKKγ nuclear foci, as indicated by the proﬁle of the
immunoﬂuorescence staining in Fig. 4. These results indicated that the
cytoplasmic structures in which the Tax proteins colocalized with
TAB2 and calreticulin also included IKKγ. They also suggested that
expression of the Tax proteins led to the apparent delocalization of
calreticulin from the nuclear foci containing Tax and IKKγ to the
cytoplasmic dotted structures. In addition, the Tax proteins coloca-
lized with overexpressed IKKγ in the nuclear foci as previously
demonstrated for Tax-1 and endogenous IKKγ (Lamsoul et al., 2005).
The cytoplasmic dotted structures containing the Tax proteins, TAB2 and
RelA also include TAX1BP1
Persistent activation of the NF-κB pathway by Tax involves
interaction of Tax with TAX1BP1 and the subsequent inactivation of
the A20/TAX1BP1/Ubc13 ubiquitin-editing complex, leading to
stabilization of the E2 ubiquitin-conjugating enzyme Ubc13 involved
in Tax polyubiquitination (Shembade et al., 2010). We thus asked
whether TAX1BP1 was present in the cytoplasmic dotted structures
that included Tax-1 and TAB2 by analyzing the intracellular
distribution of endogenous TAX1BP1 in Hep2 cells expressing Tax-1
and/or TAB2-Flag. Similarly we analyzed the localization of endog-
enous TAX1BP1 in cells expressing Tax and Flag-IKKγ (Fig. 5).
Endogenous TAX1BP1 displayed a dotted cytoplasmic distribution
very similar to TAB2 (compare Figs. 2A and 5) and expression of Tax
lead to the colocalization of Tax and TAX1BP1 in these cytoplasmic
structures but not in the Tax nuclear bodies as indicated by the
proﬁles of the intensity of the ﬂuorescence along lines drawn across
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Fig. 3. Expression of Tax proteins leads to the recruitment of calreticulin in TAB2 and Tax containing cytoplasmic punctate structures. (A) Hep2 cells were transfected with the Tax-
1H or Tax-2H expression vectors. Control cells (neg) were not transfected. The cells were ﬁxed and stained with anti-HA IgG2amonoclonal antibody for the detection of Tax proteins,
with anti-calreticulin rabbit polyclonal antibody andwith anti-GM130 IgG1monoclonal antibody. The intensities of the three immunoﬂuorescence staining along lines drawn on the
overlay images are depicted (NE: nuclear envelope; NB: nuclear bodies; G: GM130-containing Golgi apparatus structures; C: calreticulin-containing punctate structures). (B) Hep2
cells were co-transfected with either the vector control or with vectors expressing Tax-1H, Tax-2H and with the vector expressing TAB2-Flag. The cells were ﬁxed and stained by
triple immunoﬂuorescence staining with IgG2a monoclonal antibody directed against the HA epitope to detect Tax proteins, IgG1 monoclonal antibody directed against the Flag
epitope to detect overexpressed TAB2-Flag and anti-calreticulin rabbit polyclonal antibody. The cells were stained and the images were collected as described in the legend of Fig. 2.
Fig. 2. The Tax proteins colocalize with the RelA subunit of NF-κB in TAB2-containing cytoplasmic dotted structures. (A) Hep2 cells were transfected with either the vector control or
with vectors expressing Tax-1H or Tax-2H, both with and without a vector expressing TAB2-Flag. The cells were ﬁxed for analysis by triple immunoﬂuorescence staining. Antibodies
were IgG2a monoclonal antibody to the HA epitope for detecting Tax proteins, IgG1 monoclonal antibody to the Flag epitope for detecting overexpressed TAB2-Flag and anti-RelA
rabbit polyclonal antibody for detecting the endogenous RelA subunit of NF-κB. (B) Hep2 cells were transfected with vectors expressing the M22 or K4-8R Tax-1 mutants with or
without a vector expressing TAB2-Flag. The cells were ﬁxed and stained with anti-Tax-1 IgG2a monoclonal antibody, anti-RelA rabbit polyclonal serum for the detection of the
endogenous RelA subunit of NF-κB and IgG1 monoclonal antibody directed against the Flag epitope to detect overexpressed TAB2-Flag. The cells were stained using goat anti-mouse
IgG2a conjugated to FITC, goat anti-rabbit IgG conjugated to Alexa Fluor 546 and goat anti-mouse IgG1 conjugated to biotin followed by streptavidin-Alexa Fluor 633. The images
collected by laser scanning confocal microscopy are projections of 4 consecutive images of 0.8 μm along the Z axis.
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Fig. 4. The Tax proteins colocalize with IKKγ and calreticulin in cytoplasmic dotted structures. Hep2 cells were transfected with a vector expressing Flag-IKKγ alone or in
combination with vectors expressing either Tax-1H or Tax-2H. The cells were ﬁxed and stained with an IgG2a monoclonal antibody directed against the HA epitope to detect the Tax
proteins, an IgG1 monoclonal antibody directed against the Flag epitope to detect overexpressed Flag-IKKγ and an anti-calreticulin rabbit polyclonal antibody. The secondary
antibodies and collection of images were as described in Fig. 3A. The intensities of the three immunoﬂuorescence staining along lines dawn on the overlay images are depicted (NE:
nuclear envelope; NB: nuclear bodies; C: calreticulin-containing cytoplasmic dotted structures).
44 F. Avesani et al. / Virology 408 (2010) 39–48these structures. In cells that did not express Tax, the cytoplasmic foci
containing TAB2 minimally overlapped with those containing
TAX1BP1, indicating that TAB2 and TAX1BP1 were localized in
distinct cytoplasmic structures. By contrast, TAB2 and TAX1BP1
were present in commoncytoplasmic structures in cells that expressed
both Tax-1 and TAB2, and these structures included Tax-1. Similar
results were obtained when Tax-2B was expressed instead of Tax-1
(data not shown). The cytoplasmic punctate distribution of endoge-
nous TAX1BP1 was not altered by overexpression of IKKγ which was
distributed in nuclear foci as already reported above (Fig. 4).
Expression of both Tax-1 and IKKγ resulted in their colocalization
with TAX1BP1 in cytoplasmic structures whereas Tax nuclear bodies
contained IKKγ but no TAX1BP1. From these results we conclude that
the calreticulin stained dotted structures in which Tax proteins
concentrate in the cytoplasm contain a number of factors critical for
the activation of the NF-κB pathway including TAB2, RelA, IKKγ and
TAX1BP1.
RelA and TAB2 enhance Tax-mediated NF-κB activation
To investigate the effect of both RelA and TAB2 on Tax-mediated
NF-κB activation, 293T cells were co-transfected with the HIV-1-LTR-
luciferase reporter plasmid and vectors expressing either Tax-1 or
Tax-2B in combination with vectors expressing TAB2, RelA or both
(Fig. 6). In the absence of the Tax proteins (panel A), overexpression
of TAB2, RelA or both TAB2 and RelA, increased the activity of the NF-
κB controlled promoter by 7.8-, 29.4- and 60.5-fold over the basal
promoter activity (control vector), respectively (Fig. 6A). Co-expres-
sion of TAB2 or RelA with Tax-1 (panel B), increased NF-κB
transactivation by Tax-1 of 3.5- and 4.4-fold, respectively, and up to
8.0-fold when both RelA and TAB2 were co-expressed (Fig. 6B).
Similarly, co-expression of TAB2 or RelA, or both factors with Tax-2B
(panel C) enhanced Tax-2B NF-κB induction by 6.9-, 7.3- and 13.9-
fold, respectively (Fig. 6C). The presence of co-transfected proteins
Tax-1H, Tax-2H, RelA and TAB2-Flag in the extracts was conﬁrmed by
western blot analysis (Fig. 3, Supplemental materials). Similar resultswere also obtained when Hep2 cells were used (data not shown).
These results show that NF-κB transactivation by Tax-1 and Tax-2B is
enhanced when RelA and/or TAB2 are overexpressed, either individ-
ually or in combination.
Discussion
The activation of selected factors of the NF-κB pathway plays an
important role in the pathogenesis of HTLV-1. However, the
mechanism by which this is achieved in not completely explained.
In this study we show that deregulation of the NF-κB pathway by
HTLV is associated with complex formation by Tax proteins, the RelA
subunit of NF-κB and the TAB2 adaptor protein. Evidence supporting
this conclusion is based on the following ﬁndings. First, RelA and TAB2
coimmunoprecipitate with Tax-1 or Tax-2B. Second, Tax proteins are
targeted to native TAB2-containing cytoplasmic structures, which are
reorganized to include RelA and calreticulin following expression of
Tax proteins. Third, both RelA and TAB2 promote a signiﬁcant increase
of Tax-mediated NF-κB activation. In addition to TAB2 and RelA, other
signiﬁcant factors for Tax-induced persistent activation of the NF-κB
pathway, such as TAX1BP1 and IKKγ, are detected in the dotted
cytoplasmic structures containing Tax.
The observed correlation between TAB2 overexpression and
increased NF-κB activation suggests that the association of Tax
proteins with TAB2 leads to activation of TAK1 kinase, initiating the
TAK1/IKK cascade with subsequent NF-κB activation, as also sup-
ported by previous reports (Yu et al., 2008; Wu and Sun, 2007).
However, these data are at variance with reports indicating that TAK1
is dispensable for Tax-dependent constitutive NF-κB activation but is
responsible for the activation of JNK-ATF2 and interferon responsive
factors 3 and 4 (IRF3/IRF4) pathways (Gohda et al., 2007; Suzuki et al.,
2007, 2010). Whether a TAB2-dependent upstream kinase different
from TAK1 is involved in Tax-mediated NF-κB activation deserves
further investigation.
This study shows that calreticulin, a multi-process calcium-
buffering chaperone commonly used as a marker of the endoplasmic
Fig. 5. Tax-1 colocalizes with TAX1BP1 in TAB2 and IKKγ containing cytoplasmic dotted structures. Hep2 cells were either not transfected or transfected with vectors expressing
Tax-1, TAB2-Flag or both Tax-1 and TAB2-Flag, Flag-IKKγ or both Tax-1 and Flag-IKKγ as indicated. The cells were ﬁxed and stained with an IgG2a monoclonal antibody directed
against Tax-1, a rabbit polyclonal antibody directed against the Flag epitope to detect overexpressed TAB2-Flag or Flag-IKKγ and an IgG1 monoclonal antibody directed against
TAX1BP1. The secondary antibodies and collection of images were as described in Fig. 3A. The intensities of the three immunoﬂuorescence staining along lines dawn on the overlay
images is depicted (NE: nuclear envelope; NB: nuclear bodies).
45F. Avesani et al. / Virology 408 (2010) 39–48reticulum (Michalak et al., 2009), colocalizes with overexpressed
IKKγ in nuclear dotted structures in Hep2 cells that do not express Tax
proteins. Expression of either Tax-1 or Tax-2B leads to the apparent
redistribution of calreticulin from the nucleus to the cytoplasm in
addition to the reorganization of IKKγwhich colocalizes with Tax both
in the nuclear bodies and in the punctate cytoplasmic structures. Thus,
calreticulin speciﬁcally concentrated in Tax-, IKKγ-, TAB2- and RelA-
containing cytoplasmic dotted structures. We also found that
calreticulin immunoﬂuorescence staining was increased in Tax-
expressing Hep2 cells, and speciﬁcally concentrated in the cytoplas-
mic punctate structures that included Tax, TAB2 and RelA. These
observations are consistent with previous reports indicating that Tax-1
interacts and colocalizes in cytoplasmic speckled structures with
calreticulin and that the intracellular calreticulin level is increased inTax-1 expressing cells or in HTLV-1 infected T-lymphocytes (Alefantis
et al., 2007). However, other studies indicate that Tax-1 interaction
with IKKγ/NEMO induces relocalization and subsequent activation of
IKK complexes to Golgi-associated lipid raft microdomains (Harhaj
et al., 2007; Huang et al., 2009) and that this event is critical for NF-κB
activation (Kfoury et al., 2008, Lamsoul et al, 2005). Further
investigation is needed to understand whether calreticulin has a
role in Tax and IKKγ shuttling from the nucleus to the cytoplasm and
in NF-κB activation in response to Tax expression.
We found that ubiquitination was not required for Tax colocaliza-
tion with TAB2 in cytoplasmic dotted structures, but it was critical for
the concentration of RelA in these structures and for the formation of
Tax/RelA complexes. In addition these structures include TAX1BP1
and interaction of Tax with this factor prevents destabilization of the
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Fig. 6. Overexpression of RelA and/or TAB2 increases Tax-mediated activation of the
NF-κB pathway. The 293T cells were co-transfected with the HIV-LTR-luciferase
reporter plasmid and either the vector control (panel A) or vectors expressing Tax-1
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presented as fold increase of the luciferase activity with respect to the vector control.
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editing complexes (Shembade et al., 2010). Our results are consistent
with the idea that Tax proteins and calreticulin associate, in a
ubiquitination-independent manner, with TAB2-containing cytoplas-
mic structures. These structures would then recruit TAX1BP1, leading
to Ubc13 stabilization and Tax K63-linked polyubiquitination. In fact it
was previously reported that Tax-1 ubiquitination was not required
for the association with TAB2 (Yu et al., 2008). This suggests that
ubiquitination of Tax by the ubiquitin-conjugating E2 enzyme Ubc13
(Shembade et al., 2007) and its stabilization by the NEMO-Related
Protein (NRP)/Optineurin and Tax1Binding Protein P1 (TAX1BP1)
complex (Journo et al., 2009) would occur in these structures and lead
to RelA recruitment. The assembled Tax/TAB2/RelA complexes would
then move to Golgi-associated lipid rafts in which IKK complexes are
recruited and activated, a process that depends on Tax-ubiquitination.
In Hep2 cells, the trafﬁcking of the complexes between the
calreticulin-containing structures and the Golgi would be a limiting
step, contrary to what is usually observed in other cell systems, in
which accumulation of these factors is more prominent in Golgi
structures.
In conclusion, the interaction between Tax-1 and Tax-2 proteins
and both TAB2 and RelA resulted in a similar NF-κB transactivation
pattern, suggesting that the differences in the transforming activity
between Tax-1 and Tax-2 cannot be the direct result of association
with these factors. The data support the hypothesis that Tax proteins
assemble complexes with TAB2 and upstream kinases in the
cytoplasm, leading to the activation of the canonical NF-κB pathway.
Future studies will precisely determine the functional roles of TAB2,
RelA and calreticulin in Tax-mediated NF-κB deregulation.Materials and methods
Construction of expression vectors
The pJFE-Tax-1 expression vector for wild-type Tax-1, Tax-1
mutants M22 and K4-8R, and HIV-1-LTR-luciferase were described
previously (Lamsoul et al., 2005). The pRSV-RelA expression vector for
RelA was described previously (Bours et al., 1992). pCMVF-TAB2 was
kindly provided by G. Takaesu (Yu et al., 2008). The tax-2 ORF
sequence was ampliﬁed by PCR from plasmid pCR4 PR46 (Turci et al.,
2006) and cloned into pcDNA6.2/N-EmGFP vector (Invitrogen), thatcontained a 14 amino acid (GKPIPNPLLGLDST) V5 epitope tag derived
from V proteins of the paramyxovirus SV5. To obtain the V5 products
(Tax-2 V5), the GFP (green ﬂuorescent protein) ORF was eliminated
from the vector pcDNA6.2/N-EmGFP by XhoI restriction enzyme
digestion. The correct reading frame in the construct was veriﬁed by
sequence determination. The expression vector pJFE-Tax-2 was
described elsewhere (Turci et al., 2009). The vectors for expression
of hemagglutinin (HA) epitope tagged Tax-1 and Tax-2 (Tax-1H and
Tax-2H) were produced by inserting the sequence coding for the HA
epitope (YPYDVPDYA), followed by 6 histidines, at nucleotide
position 1011 of Tax-1 and Tax-2B coding sequences, leading to in
phase insertion of 15 amino acids at amino acid position 337 of the
two sequences. The Tax-1H and Tax-2H constructs were cloned into
the pcDNA6.2/N expression vector (Invitrogen Corporation; Carlsbad,
Ca, USA) using EcoRI restriction sites. HaloTag® pHT2 Vector (pHT2)
and the phRG-TK were purchased from Promega.
Cell culture and transient expression by transfection
Human Embryonic Kidney 293T (CRL-11268), human epidermoid
Hep2 cells (ATCC CCL-23), monkey kidney cells COS-1 (CRL-1650),
Chinese Hamster kidney cells CHO-K1 (CRL-9618) and human HeLa
(CCL-2) cells derived from an adenocarcinoma of the cervix were
maintained in Dulbecco's modiﬁed Eagle's medium (DMEM) supple-
mented with 10% fetal calf serum (FCS), L-glutamine (200 μM),
penicillin G (50 U/ml) and streptomycin (50 U/ml). For immunopre-
cipitation (4×105 293T cells plated in 3.5-cm dishes), transactivation
(1×105 293T cells plates in 12-well plates) and immunoﬂuorescence
staining experiments (2×105 Hep2 cells plated in 6-well plates), cells
were transfected using JetPEI transfection reagent (Polyplus trans-
fection), Polyfect transfection reagent (Qiagen) or TranslT®-LT1
transfection reagent (Mirus), according to the manufacturer's instruc-
tions, respectively.
Antibodies
Theantibodies toRelAwerepurchasedeither fromAbcam(ab7970-1)
or Santa Cruz Biotechnology (C20). Anti-V5 (R96029) antibody was
obtained from Invitrogen. The anti-Flag antibodies were purchased
from Santa Cruz Biotechnology (Octa-probe SC-807) and Sigma (M2).
The anti-HA monoclonal antibody was purchased from Cell Signaling
Technology, the anti-rabbit and the anti-mouse IgG-peroxidase
antibodies used for western blotting were from Sigma and from
Dako. The rabbit polyclonal directed against calreticulin was from
Afﬁnity Bioreagents, the mouse IgG1 monoclonal antibodies directed
against GM130 or TAX1PB1 (3096 C2a) were from BD Transduction
Laboratories and Santa Cruz Biotechnology, respectively. The anti-Tax
monoclonal antibody was from hybridoma 168-A51 (AIDS research
and Reagent Program, National Institutes of Health). The secondary
antibodies used in immunoﬂuorescence staining experimentswere the
goat anti-mouse IgG2a conjugated to Fluorescein isothiocyanate, the
goat anti-rabbit IgG conjugated to Alexa Fluor 546, the goat anti-mouse
IgG1 coupled to biotin in association with streptavidin conjugated to
Alexa Fluor 633.
Co-immunoprecipitation experiments and western blotting
Whole cell extracts were prepared from about 4×105 293T cells
that were transfected with different expression vectors. Twenty-four
hours after transfection, cells were washed once with PBS, lysed in
300 μl of NP-40 incubation buffer (NaCl 150 mM, Tris–HCl 50 mM pH
7.5, 1% NP-40, N-ethylmaleimide (NEM) 50 mM, EDTA 2 mM and
protease inhibitors 1:200, P8340 Sigma) and clariﬁed by centrifuga-
tion at 15,000×g for 10 min. Proteins from cell lysates were incubated
with 2 μg of rabbit anti-RelA or rabbit anti-Flag antibodies and 50 μl of
Protein A Sepharose Fast Flow (17-1279-01, Amersham Bioscience)
47F. Avesani et al. / Virology 408 (2010) 39–48for 3 h at 4 °C in incubation buffer. Beads were collected by
centrifugation, washed once in NP-40 incubation buffer, twice in
PBS, and re-suspended in Laemmli sample buffer. Samples were
resolved in 12.5% or 10% SDS–PAGE, transferred to a PVDF
membrane, and incubated with mouse anti-Tax-1, mouse anti-V5,
rabbit anti-RelA or rabbit anti-Flag as primary antibodies. Following
incubation with the appropriate horse radish peroxidase-conjugated
secondary antibodies, signals were visualized using OPTI-4CN
reagents (Bio-Rad).
Immunocytochemistry and confocal microscopy
Cells cultured on glass coverlips were transfected with 1 μg of
expression plasmids for 24 h and ﬁxed by incubation in 100%
methanol at -20°C for 6 min. The cells were washed with PBS and
blocked for 1h in PBS containing 0.5% gelatin (Bio-Rad) and 0.25%
bovine serum albumin (Gibco), before incubation with the primary
antibodies diluted in the blocking solution overnight at 4 °C. The
preparations were then washed with PBS containing 0.2% gelatin and
incubated with the secondary antibodies, goat anti-mouse IgG2a
conjugated to ﬂuorescein isothiocyanate (FITC), goat anti-rabbit IgG
conjugated to Alexa Fluor 546 (Molecular Probes) and goat anti-
mouse IgG1 coupled to biotin followed by streptavidin coupled to
Alexa Fluor 633 (Southern Biotechnology Associates, Ala) for triple
immunoﬂuorescence staining. Samples were then mounted in
DABCO-based medium (ICN Biomedicals) and analyzed with a laser
scanning confocal microscope (LSM 510; Zeiss) using a 63× objective
and light source wavelengths of 488, 543 and 633 nm.
Luciferase assays
The 293T cells (1×105 cells) were transfected into 12-well plates
with 100 ng of phRG-TK (Promega), which was used for monitoring
transfection efﬁciency, 100 ng of HIV-1-LTR-luciferase reporter
plasmid, 20 ng of plasmid expressing Tax-1 or Tax-2B and 50 ng of
plasmid expressing RelA or TAB2. The total amount of DNA in each
transfection was equalized using the vector control pHT2. Cells were
lysed and subjected to luciferase assay with a luminometer TD-20/20
(Turner Designs) and using the Dual-luciferase reporter assay system
(Promega). The results represent averages and the standard devia-
tions for at least three independent experiments. Statistical signiﬁ-
cance was determined using the Student's t-test. A p-value of b0.05
was considered signiﬁcant. Cellular extracts were analyzed for Tax-
1H, Tax-2H, RelA and TAB2-Flag proteins by western blotting. An
antibody directed against Ran from Santa Cruz Biotechnology was
utilized as control of endogenous proteins loading.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.virol.2010.08.023.
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